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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
For the composite construction of the surface layer, we carried out the selected composition materials, methods and means of 
formation.  multilayer composition "steel - material with shape memory effect (SME) - wearproof layer» (TiNiZr - cBN-Co) 
was obtained by high-velocityoxy-fuel spraying in a vacuum. The sequence of functional layers’deposition, their composition, 
thickness, structure-phase state and dispersity were determined by operating conditions and are controlled by the processing 
modes. To enhance the survivability and longevity,it is recommended to form the SME layer so that its temperature, given the 
increase in friction, correspondedto the martensitic state and had increased relaxation and damping capacity in order to slow 
down cracking. 
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1. Introduction 
Du  to the recent expansion of the manufacturing capacity, multicomponent and multilayer structures, including 
layered coatings, are increasingly considered as a new reserve to increase functional reliability of products. It is 
known that smart materials with shape memory effect (SME) have a wide range of features. Their use in the 
formation of the layered composite surface layers can be very productive, providing wide range of sought-after 
features: superelasticity, wear and corrosion resistance, high damping capacity, durability, crack resistance, 
adaptability. 
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The aim of this work is to improve the functional and mechanical properties of steel products through the 
formation of a multi-layer composite 'steel - material with shape memory effect (SME) - wearproof layer» (TiNiZr - 
cBN-Co) by high-velocity oxy-fuel spraying of mechanically activated powder in a protective atmosphere. 
 
 
Fig. 1. Processes that determine the formation and operational behavior of a multilayer composition "basis - layer with SME". 
  
The choice of composition architecture "basis - layer with SME" depends on the functional purpose, but in any 
case the surface layers of the product are subject to external force, temperature, corrosion and should provide 
strength and vitality in operational environment. The main factors that determine the reliability and survivability of 
the composition are: to ensure high adhesion on the boundary "layer - the basis", and between the layers; as well as 
to create the architecture of the surface composition, which forms conditions that prevent cracks or barriers that slow 
down cracks.  
The composition of the layered structure with SME on the surface of the product is a promising direction in the 
development of new cost-based smart materials. Fig. 1 shows a diagram of processes, which determine the 
formation and deformation behavior of multilayer composition "basis - layer with SME". 
All the technologies of the surface layers made of materials with shape memory effect, implemented under high-
impact, ensure the formation of nanoscale structures. One of the important steps is to ensure nanostate preliminary 
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to create the architecture of the surface composition, which forms conditions that prevent cracks or barriers that slow 
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The composition of the layered structure with SME on the surface of the product is a promising direction in the 
development of new cost-based smart materials. Fig. 1 shows a diagram of processes, which determine the 
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mechanical activation of the sprayed material which comprises the steps of high-speed deformation, polygonization 
and recrystallization. To ensure the versatility of the surface composition it is very important to construct correctly 
an outer layer, which perceives external influence. To increase the wear resistance, the outer layer of the 
composition should have high wear resistance; the lower layers must provide high bearing capacity, damping 
characteristics under mechanical or thermal effect. To increase the longevity and vitality of the product in terms of 
corrosion-fatigue or friction-fatigue cyclic loading, it is necessary to create a surface layer of the composition using a 
material with shape memory effect, which has stable high corrosion-fatigue strength under operating conditions. At 
the same time, the chemical composition of the surface layer with SME is chosen so that its temperature, given the 
increase in friction, corresponded to austenitic state. The underlying layer must have increased relaxation and 
damping capacity to slow down developing cracks. This may be a layer of material with SME based on TiNi, 
chemical composition of which provides reliable adhesion between the layers, and its structure and phase 
composition provide martensitic state in operating conditions.  
Depending on the operating conditions, the properties of the composition "basis - layer with SME" can be quite 
numerous. The distinctive feature of a composition comprising an intelligent material with SME is its 
versatility(Lyakhov and Psakhie (2008)).The main properties of the composition, which can be provided in various 
combinations andduring the implementation of different technologies, include: adhesion, reversibility of inelastic 
deformation, reactive stress, strength characteristics, microhardness, controlled elastic properties (super resistance, 
superelasticity), cyclic durability, crack resistance, damping capacity, wear resistance, corrosion resistance, heat 
resistance, high-temperature strength, quality (roughness) of the surface. 
Requirements to the main elements of multi-layer coatings are numerous. The adhesive underlayer must have a 
maximum crystal-chemical similarity to the basis material and provide strong adhesion between them. According to 
the submitted requirements,the intermediate layers (there may be several of them) must fulfill various functions: 
damping, anti-friction, anti-corrosion, barrier and others. Each layer of the multilayer composite coating can have 
both monolayer and multilayer architecture. 
2. The experimental procedure  
We sprayed multilayer composite 'steel - material with shape memory effect (SME) – wear proof layer »(TiNiZr - 
cBN-Co) on Steel 1045, which provided a strong bond at the interface “Steel – TiNiZr” on cylindrical (10 mm, 
Steel 1045) samples. The total thickness of the layer TiNiZr ranged 0,9 ÷ 1 mm and layer cBN-Co 0,5 ÷ 0,6 mm. 
Powders TiNiZr, cBN-Co for the high-velocityoxy-fuel spraying were subjected to mechanical activation in a 
vacuum in a high-speed planetary ball mill GEFEST-2 (AGO-2U). 
Microhardness measurements were carried out on the device FALCON 503. The structure and phase composition 
of the surface layer were examined by X-ray diffraction and optical microscopy. X-ray diffraction analysis was 
performed on Shimadzu XRD - 7000 in the Cu-Ka radiation. Microstructure study was conducted on a scanning 
electron microscope with ultrahigh resolution JSM-7500F and on a transmission electron microscope JEM-2100. 
Multi-cycle fatigue tests of cylindrical samplesat bending with rotation were conducted at the device MIE-6000. 
Low-cycle tests atclear symmetric bending were made on the four-positiondevice, providing the opportunity to test 
in the air and under the conditions of outer influences. The loading was carried out at a frequency of 0.1 Hz, the 
variation of the relative deformation was 0,21,0%. 
Wear tests were carried out on the friction machine SMC-1-2070, providing the ability to control the temperature 
of the sample during the test. Quantitative assessment of durability was carried out by gravimetric method using an 
analytical balance WA-33. Friction-mechanical fatigue tests were produced on four-position device (patent RF № 
2,140,066) with indenters made of R6M5 alloy, having cylindrical working surface of 2.5 mm radius. 
3. Structural and mechanical features of forming the composite layers TiNiZr - cBN-Co 
As a result ofhigh-velocityoxy-fuelspraying of MA powders under vacuum (argon environment) we obtain 
composite layers (Fig. 2a) with a minimum content of pores, less than 1% (Fig. 2b,Fig. 2c); the adhesion strength of 
the layers to the substrate (120-140 MPa). The TiNiZr layer thickness was 0,9-1mm and cNB-10%wt.Co, 
respectively 0,5-0,6mm. 
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Fig. 2. (a) the structure of the composite layers steel-TiNiZr-cNB-10%wt.Co, × 100;(b) steel-TiNiZr, × 4000; (c) TiNiZr-cBN-Co, × 500. 
 
Table 1 shows the chemical composition of the layer TiNiZr. 
 
Table. 1. Chemical composition of layer with SME TiNiZr (weight %). 
 
Material The chemical composition of the material being processed 
Ti Ni Zr C Ca N Fe 
TiNiZr 25,8 46,87 27,1 
 
0,06 0,10 0,06 0,01 
 
The results of X-ray diffraction analysis showed that at room temperature the initial phase state of TiNiZr layer, 
after the high-velocityoxy-fuelspraying of mechanically activated powder in a protective atmosphere (argon), are a 
martensitic phases B19' with monoclinic lattice, austenitic phases B2 with cubic lattice, intermetallic phases Ni3Ti, 
Ti2Ni, NiZr, NiZr2, with cubic and hexagonal lattice and there is a small amount of titanium oxide (TiO) – less than 
2% (Fig. 3a). The phase analysis of layer cNB-10% Co (Fig. 3b) BN with a cubic lattice (≈85,3-87,4%), Co with a 
hexagonal lattice (≈10,3-11,2%), B2CN with orthorhombic lattice (≈2,3-3,5%), BC2N with orthorhombic lattice. 
 
  
Fig. 3. (a)x-ray diffraction analysis of TiNiZr layer; (b) layer cNB-10% Co, after the high-velocity oxy-fuel spraying in vacuum (argon). 
 
Table 2 shows the parameters of the crystal lattices of the phases within the layer cNB-10% Co. 
 
Table. 2. Phase crystal lattices parameters included in the layer cNB-10% Co. 
 
Phase а, nm Vат·103 b, nm с, nm β, degrees 
ВN (cubic) 0,3615 47,24 0,3615 0,3615 90,00 
B2CN (hexagonal) 0,2574 25,49 0,2574 0,4442 90,00 
B2CN (orthorhombic) 0,256 50,77 0,791 0,2507 90,00 
Co (hexagonal) 0,2503 25,44 0,2503 0,406 90,00 
 
The layer structure is very difficult to etch by usual reagents, which is largely due to the strong grain refinement 
as a result of high-speed heating, rapid cooling, and substantial deformation (Fig. 4, Fig. 5), which provides specific 
structural effects. Due to the characteristics of high-velocityoxy-fuelspraying of mechanically activated powders 
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(high cooling rate and rapid quenching of the coating) while sputtering in the cross section of TiNiZr layer, there are 
no distinct columnar dendrites, the structure can be characterized as a nanoscale one. Microhardness of TiNiZr - 
layer varies Hμ = 9,5 ÷ 12,7 GPa, of the layer CNB-10% Co Hμ = 36,9 ÷ 38,3 GPa, respectively. 
 
  
 
 
 
 
 
 
 
Fig. 4.(a) (b) (c) layer TiNiZr structure, obtained by high-velocity oxy-fuel spraying of mechanically activated powder, × 120000; (d) micro 
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The resulting TiNiZr layer has a nano-sized structure with a grain size of 45-185 nm (Fig. 4), Fig. 5 shows the 
layer cNB-10% Co structure with a grain size of 25-215nm. 
4. The mechanism of nanostructured state formation during high-velocity oxy-fuel spraying of mechanically 
activated powder 
As a result of mechanical activation in local microvolumesof the powder we observe internal stresses,whose 
relaxation depends on the material properties and loading conditions. According to existing theories in 
Mechanochemistry, the initiation of mechanochemical transformations is provided by the heat, generated by the 
processing of powders, by the dislocation energy during plastic deformation, by the release of elastic energy stored 
in the solid medium, the presence of numerous interphase boundaries. 
During mechanical activation the powder particles are subjected to severe plastic deformation, which leads to 
temperature increase and to the formation of numerous defects, which are the centers of nano-grainsformation. After 
each contact with the working medium,the powder particle is quenched to almost room temperature (as an inert 
atmospherewe usedrubber solvent, theattritor chamber was cooled with water). Subsequent contact with the working 
medium brings to further nanograinformation. This process will take place as long as either the whole particle 
acquires nanocrystalline structure or nanograinsreach the critical size,when further plastic deformation is impossible. 
Given that the processed alloys with SME are actively reinforcing, their sharp cooling in liquid medium results in 
increased brittleness and further refinement. 
Since the layers obtained by high-velocityoxy-fuelspraying are formed by gradual imposing of the individual 
particles - splats, which moveand harden at a high rate, the phase composition, structure and properties of the layers 
are dependent on temperature, particle striking velocity to the substrate and their cooling (106-108 K / s) which, in 
turn, are determined by the HVOF process parameters, the main ones are: propane flow rate, oxygen consumption, 
powder and carrier gas flow rate, spray angle and distance, movement speed and supply of the burner, the speed of 
the coated parts. 
In the crystallization process of a molten particle, which falls onto a cold substrate, there is a strong plastic 
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deformation and crystallization of the metal at high degrees of supercooling. As a result of such crystallization, 
crystalline nucleation centerson the long-range fluctuations form in the liquid-alloy. At high rates of cooling 
nucleation centersappear, the critical size of which is determined by the supercooling degree. 
The liquid-alloy, wherenucleation centers are formed,is amorphized. The presence of large plastic deformations 
at high-velocityoxy-fuelspraying intensifies the amorphization. The amorphous component can undergo dynamic 
polygonization because there is a hot plastic deformation. As a result ofdynamic polygonization,the amorphous 
structure is undergoing a transformation into a nanocrystalline structure consisting of small subgrains. Apparently, 
the amorphous component in these alloys is small. Therefore, in the layers obtained byhigh-velocityoxy-
fuelspraying, the basic process of the nanostructure formation is due to crystallization on the short-range fluctuations 
in the liquid-alloy. 
Types and morphology of crystallization products under high-velocityoxy-fuelspraying is determined by 
chemical composition and thermodynamic properties of crystalline phases formed. 
5. Effect of heat treatment on the structure and functional properties of composite layers 
The main aim of the heat treatment in this work is to achieve the effect of structure stabilizationat possible 
relaxation of residual inner stress after spraying. It is known that with increasing annealing temperature,the 
processes of stress relaxation and defects elimination for alloys with memory are activated. It was found that in 
excess of 873 K, recrystallization with phasesTi11Ni14,Ti2Ni3release takes place in TiNi alloys (Otsuka and 
Kakeshita (2002), Likhachev (1997)). 
Thermomechanical treatment was used as a necessary way to effectively improve the complex functional and 
mechanical properties of the surface layer made of the alloy with shape memory effect. In practical terms, the most 
interesting are such functional properties as the amount of reactive stresses in the deformation return restriction and 
reversible deformation. To provide these features we will need a comprehensive treatment in certain deformation 
conditions corresponding to a temperature range of martensitic transformations of the surface layer made of the 
alloy with SME. So, the necessary level of developed reactive stresses of shape recovery TiNiZr (σR) and reversible 
deformation (εR) in thermomechanical processing cycle of the surface layer was achievedin terms of elevated 
temperatures by running the cylindrical surfaces. 
Effective TiNiZr layer recovers the induced deformation in a free state by heating to temperatures of As-Af. 
When selecting the optimal range for plastic deformation of steel with the TiNiZr surface layer, it is necessary to 
consider limitation of permissible deformation degree, which in turn is determined by the mechanical properties of 
the layer and the substrate. The magnitude of the induced plastic deformation should not exceed 6-15%, as a higher 
degree of deformation suppresses the shape memory effectin some extent, increasing the value of inelastic 
deformations. 
After annealing with subsequent plastic deformation of TiNiZr layer there is a high density of defects in 
crystalline austenite structure ofB2-phase with formation of fine-grain austenite (TiNiZr grain size of about 45-
185nm), which leads to higher microhardness (partially withdrawn by the annealing), and to higher cycle life of the 
test samples. Our research has shown that a full treatment cycle consisting of high-velocityoxy-fuelspraying of 
mechanically activated TiNiZr powder, annealing and surface plastic deformation leads to the formation of a 
uniform nanocrystalline structure, to increased durability, as well as functional and mechanical capabilities of alloys 
with SME. Such ageingof the TiNiZr layer in several stages gives a combination of high hardness and resistance to 
low-cycle fatigue loading with stable functional characteristics of SME. 
6. The performance properties of composite layers 
It is generally known about the unique fatigue properties of alloys based on nickel-titanium, as well as its wear 
and corrosion resistance (Blednova et al. (2016), Rusinov et al. (2015)). These alloys in various forms: in the form 
of wires, ribbons and strips has a high resistance under cyclic loading. In this paper, as shown by the high-cycle 
fatigue testsof samples (steel 1045 + TiNiZr-cNB-10% Co) in bending with rotation, we observe the increase in 
durability (Fig. 6a). Endurance limit (σ-1) of steel 1045 without coating was 275 MPa, and steel 1045 + TiNiZr-
cNB-10% Co was 475 MPa (increased by 72.7%) (Fig. 6a). 
 Rusinov P.O.  et al. / Procedia Structural Integrity 2 (2016) 1506–1513 1511 Rusinov P.O./ Structural Integrity Procedia 00 (2016) 000–000 5 
(high cooling rate and rapid quenching of the coating) while sputtering in the cross section of TiNiZr layer, there are 
no distinct columnar dendrites, the structure can be characterized as a nanoscale one. Microhardness of TiNiZr - 
layer varies Hμ = 9,5 ÷ 12,7 GPa, of the layer CNB-10% Co Hμ = 36,9 ÷ 38,3 GPa, respectively. 
 
  
 
 
 
 
 
 
 
Fig. 4.(a) (b) (c) layer TiNiZr structure, obtained by high-velocity oxy-fuel spraying of mechanically activated powder, × 120000; (d) micro 
electron diffraction of TiNiZr layer. 
 
  
Fig. 5.(a) (b) (c) layer cNB-10Co structure, obtained by high-velocity oxy-fuel spraying of mechanically activated powder: × 120000; (d) micro 
electron diffraction of CNB-10% Co layer. 
 
The resulting TiNiZr layer has a nano-sized structure with a grain size of 45-185 nm (Fig. 4), Fig. 5 shows the 
layer cNB-10% Co structure with a grain size of 25-215nm. 
4. The mechanism of nanostructured state formation during high-velocity oxy-fuel spraying of mechanically 
activated powder 
As a result of mechanical activation in local microvolumesof the powder we observe internal stresses,whose 
relaxation depends on the material properties and loading conditions. According to existing theories in 
Mechanochemistry, the initiation of mechanochemical transformations is provided by the heat, generated by the 
processing of powders, by the dislocation energy during plastic deformation, by the release of elastic energy stored 
in the solid medium, the presence of numerous interphase boundaries. 
During mechanical activation the powder particles are subjected to severe plastic deformation, which leads to 
temperature increase and to the formation of numerous defects, which are the centers of nano-grainsformation. After 
each contact with the working medium,the powder particle is quenched to almost room temperature (as an inert 
atmospherewe usedrubber solvent, theattritor chamber was cooled with water). Subsequent contact with the working 
medium brings to further nanograinformation. This process will take place as long as either the whole particle 
acquires nanocrystalline structure or nanograinsreach the critical size,when further plastic deformation is impossible. 
Given that the processed alloys with SME are actively reinforcing, their sharp cooling in liquid medium results in 
increased brittleness and further refinement. 
Since the layers obtained by high-velocityoxy-fuelspraying are formed by gradual imposing of the individual 
particles - splats, which moveand harden at a high rate, the phase composition, structure and properties of the layers 
are dependent on temperature, particle striking velocity to the substrate and their cooling (106-108 K / s) which, in 
turn, are determined by the HVOF process parameters, the main ones are: propane flow rate, oxygen consumption, 
powder and carrier gas flow rate, spray angle and distance, movement speed and supply of the burner, the speed of 
the coated parts. 
In the crystallization process of a molten particle, which falls onto a cold substrate, there is a strong plastic 
6 Rusinov P.O./ StructuralIntegrity Procedia  00 (2016) 000–000 
deformation and crystallization of the metal at high degrees of supercooling. As a result of such crystallization, 
crystalline nucleation centerson the long-range fluctuations form in the liquid-alloy. At high rates of cooling 
nucleation centersappear, the critical size of which is determined by the supercooling degree. 
The liquid-alloy, wherenucleation centers are formed,is amorphized. The presence of large plastic deformations 
at high-velocityoxy-fuelspraying intensifies the amorphization. The amorphous component can undergo dynamic 
polygonization because there is a hot plastic deformation. As a result ofdynamic polygonization,the amorphous 
structure is undergoing a transformation into a nanocrystalline structure consisting of small subgrains. Apparently, 
the amorphous component in these alloys is small. Therefore, in the layers obtained byhigh-velocityoxy-
fuelspraying, the basic process of the nanostructure formation is due to crystallization on the short-range fluctuations 
in the liquid-alloy. 
Types and morphology of crystallization products under high-velocityoxy-fuelspraying is determined by 
chemical composition and thermodynamic properties of crystalline phases formed. 
5. Effect of heat treatment on the structure and functional properties of composite layers 
The main aim of the heat treatment in this work is to achieve the effect of structure stabilizationat possible 
relaxation of residual inner stress after spraying. It is known that with increasing annealing temperature,the 
processes of stress relaxation and defects elimination for alloys with memory are activated. It was found that in 
excess of 873 K, recrystallization with phasesTi11Ni14,Ti2Ni3release takes place in TiNi alloys (Otsuka and 
Kakeshita (2002), Likhachev (1997)). 
Thermomechanical treatment was used as a necessary way to effectively improve the complex functional and 
mechanical properties of the surface layer made of the alloy with shape memory effect. In practical terms, the most 
interesting are such functional properties as the amount of reactive stresses in the deformation return restriction and 
reversible deformation. To provide these features we will need a comprehensive treatment in certain deformation 
conditions corresponding to a temperature range of martensitic transformations of the surface layer made of the 
alloy with SME. So, the necessary level of developed reactive stresses of shape recovery TiNiZr (σR) and reversible 
deformation (εR) in thermomechanical processing cycle of the surface layer was achievedin terms of elevated 
temperatures by running the cylindrical surfaces. 
Effective TiNiZr layer recovers the induced deformation in a free state by heating to temperatures of As-Af. 
When selecting the optimal range for plastic deformation of steel with the TiNiZr surface layer, it is necessary to 
consider limitation of permissible deformation degree, which in turn is determined by the mechanical properties of 
the layer and the substrate. The magnitude of the induced plastic deformation should not exceed 6-15%, as a higher 
degree of deformation suppresses the shape memory effectin some extent, increasing the value of inelastic 
deformations. 
After annealing with subsequent plastic deformation of TiNiZr layer there is a high density of defects in 
crystalline austenite structure ofB2-phase with formation of fine-grain austenite (TiNiZr grain size of about 45-
185nm), which leads to higher microhardness (partially withdrawn by the annealing), and to higher cycle life of the 
test samples. Our research has shown that a full treatment cycle consisting of high-velocityoxy-fuelspraying of 
mechanically activated TiNiZr powder, annealing and surface plastic deformation leads to the formation of a 
uniform nanocrystalline structure, to increased durability, as well as functional and mechanical capabilities of alloys 
with SME. Such ageingof the TiNiZr layer in several stages gives a combination of high hardness and resistance to 
low-cycle fatigue loading with stable functional characteristics of SME. 
6. The performance properties of composite layers 
It is generally known about the unique fatigue properties of alloys based on nickel-titanium, as well as its wear 
and corrosion resistance (Blednova et al. (2016), Rusinov et al. (2015)). These alloys in various forms: in the form 
of wires, ribbons and strips has a high resistance under cyclic loading. In this paper, as shown by the high-cycle 
fatigue testsof samples (steel 1045 + TiNiZr-cNB-10% Co) in bending with rotation, we observe the increase in 
durability (Fig. 6a). Endurance limit (σ-1) of steel 1045 without coating was 275 MPa, and steel 1045 + TiNiZr-
cNB-10% Co was 475 MPa (increased by 72.7%) (Fig. 6a). 
1512 Rusinov P.O.  et al. / Procedia Structural Integrity 2 (2016) 1506–1513 Rusinov P.O./ Structural Integrity Procedia 00 (2016) 000–000 7 
The wear tests of composite layers TiNiZr-cNB-10% Co were conducted under dry friction of the coated sample 
against the rotating hard disk onthe testing machine2070 CMT – 1, with the disk rotational speed v ÷ 2 = 0.5 m / s 
and pressure = P ÷ 2 12 MPa, with the registration of temperature in the contact zone. Evaluation of wear rate was 
made on the basis of experimental data using the application package Statisticav6.0 in SPSS environment (Fig. 6b). 
 
  
Fig. 6.(a) effect of surface modification of steel 1045 (1) using material with SME on the endurance limit based on TiNiZr-cNB-10% Co (2); (b) 
dependence of wear intensity I on the disc pressure P: disc sliding speed of 0.5 m / s-1; 1 m / s -2; 1.5 m / -3; 2 m / s -4; (c) fracture of  steel 1045 
sample with the composite layer TiNiZr-cNB-10% Co 2; (d) fracture pattern of the destroyed layer (δ = 1,5 mm). 
 
The ability of materials with SME to deform under certain conditions, mainly due to the development of 
martensitic transformations, is reflected on the behavior peculiarities of the composition "Steel - material with 
SME– wearproof layer" in terms of mechanical fatigue. For steel 1045 with composite layers TiNiZr-cNB-10% Co, 
the endurance limit was 475 MPa, 72.7% more than the base material (Fig. 6a). 
As a result of the tests, the wear resistance of steel 1045 with the composite surface layers TiNiZr-cNB-10% Co 
increased by 5.8 ÷ 6 times. 
The test results, that are shown in Fig. 6b, allow us to estimate the impact of nano-sized structure of composite 
layers TiNiZr-cNB-10% Co, obtained byhigh-velocityoxy-fuelspraying in a protective atmosphere, on fatigue 
properties. It is known that the fatigue strength is determined primarily by the energy required for the crack 
initiation and by the speed of its propagation. A high-velocityoxy-fuelspraying, as a means of surface modification, 
firstly affects the process of microcracks’ initiation. The mechanism of this influence is likely to be determined by 
the following circumstances: surface layer nanostructuring caused by the peculiarities of technological formation 
process (mechanical activation of the powder, fast heating 10-3 - 10-4s and faster cooling on the substrate 10-3 - 10-
6s); high adhesion properties (σadhesion = 140 MPa) due toformation of a layer with SME; ensuring of the chemical 
and phase composition, required for the manifestation of SME; optimal distribution of residual stresses. 
Macroanalysis of fatigue fracture confirmed the strengthening effect of the surface modification by composite 
materials. Fig.6c shows a photograph of the fatigue fracture surface of the sample, which underwent almost the 
whole test base (107 cycles) with an amplitude of fluctuating stressesclose to the endurance limit. As the figure 
shows, the nucleation site for fatigue failure originates beneath the surface of the modified layer, which has 
pseudoelasticity properties, the spread area of the crack is of the largest size. The area of the selective crack 
propagation occupies almost half of the actual fatigue fracture zone and differs from the area of accelerated 
crackpropagation, formed before the final destruction of the sample, and the complete breakage area is small. The 
fracture surface ofcomposite layers is very different from the fracture surface of the base metal, has a relief without 
a trace of fatigue failure and indicates that the destruction occurred with final breakage of the core, thus emphasizing 
that the layer with SME in the process of long-term cyclic loading saves pseudoelastic properties. 
Detailed studies of destruction patterns of surface-modified steels using materials with SME in a multicycle 
loading showed that the crack usually originates in the zone of maximum criticality at the boundary "coating - base", 
more often in the heat-affected zone of the basis and propagates into the sample, keeping intact the most loaded 
surface layer due to pseudoelasticity of material with SME. 
Increased durability of samples with composite layers TiNiZr-cNB-10% Co is explained both by features of 
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nanostructured materialsdestruction, consisting ofcracksslowdown at the grain boundaries, preventing ofbifurcation 
and cracks’ movement due to boundaries hardening and by pseudoelasticity of surface layers inherent to the 
materials with shape memory effect. Accumulated deformation by the surface layer is capable to recover during 
cyclic loading and, thus, does not accumulate in the material, which increases its durability. Besides there may be 
partial "curing" of the defects, which is inherent to the materials with shape memory effect. 
7. Conclusion 
The studies found that the formation method of complex composite layers using the material with SME, 
including the high-velocityoxy-fuelspraying of mechanically activated powders in a protective atmosphere, 
subsequent thermal and thermomechanical treatment, allowed us to form nano-sized state in composite layers, which 
has a higher level of mechanical and performance properties. It is shown that preliminary mechanical activation of 
the powders has reduced coating porosity (less then 1%) and provided a coating adhesive strength to the substrate 
(140 MPa). 
It was established experimentally that after high-velocityoxy-fuelspraying of mechanically activated powders 
TiNiZr-cNB-10% Co, the cyclic life increases by about 60-80% in a high-cycle fatigue. The wear resistance of steel 
1045, after the deposition of composite layers increased by 5,8-6 times. 
We described the mechanism of nanostructured state formation in powders TiNiZr-cNB-10% Co under severe 
plastic deformation during mechanical activation, comprising the steps of the high-speed deformation, 
polygonization and recrystallization. We also demonstrated that nanostructured powder particles formed during 
mechanical activation in the plasma spraying process, in contact with the cold substrate experience high contact 
pressure, resulting in deformation of the particles in a ratio of 1: 7.7; release of energy stored in the mechanical 
activation in the form of various types of defects, results in a better connection between the sprayed particles and 
with the base, i.e. provides good adhesion properties and lower porosity, while the occurring high temperature 
gradient between the substrate and the powder particle creates additional conditions of nanostructuring. 
Crystallization in the high-velocityoxy-fuelspraying is accompanied by the formation of nucleation centerson long-
range fluctuations, the number and size of which is determined by the degree of supercooling. Upon cooling ata 
critical speed, the crystallization occurs under conditions of heat deficit, and the temperature at the front of the 
growing crystal significantly reduces. This results in a suspension of crystals growth at some point and the liquid 
alloy, which remained unconverted, solidifies to an amorphous state. The amorphous component, exercising hot 
plastic deformation, subsequently undergoes a dynamic recrystallization to form nanoscale structures. 
On the basis of complex metallophysical studies of surface-modified layers (electron microscopy, spectroscopy, 
X-ray diffraction, calorimetry, durometer analysis) we obtained new data on nanoscale compositions within the 
surface-modified layer, on its mechanical properties, phase composition, defining the functional properties,which 
allows us to find ways of purposeful formation for different operating conditions. 
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